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ABSTRACT

The following report is the third and final in a series
describing the progress of “A RESEARCH STUDY ON
INTERNAL CORROSION OF HIGH PRESSURE
BOILERS”. The first report described the background,
scope, and organization of the program as well as the
test facility. The second report discussed the methods
of testing and the results of the first six runs. This final
report describes the results of the last six tests and
discusses the conclusions drawn from all of Phases 11
and III. The scope and an outline of seven tests com-
posing the newly scheduled Phase IV program are also
included.

The results of runs with three types of boiler water
treatment, fouled heat transfer surfaces, and conditions
simulating fresh water and seawater condenser leakage
are included. Data relating to deposition and corrosion
in these environments are presented with particular
emphasis on the severe corrosion experienced with
simulated seawater condenser Jeakage.
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INTRODUCTION

The first and second progress reports considered the
general background of the investigation, defined the
scope of the program and the philosophy of testing,
and described the test apparatus and experimental
procedures. Table I summarizes the program’s experi-
mental conditions in terms of boiler water treatment
and types of contaminants for both the Phase Il and
111 tests already completed, and the new Phase 1V
tests to be run during 1967. The results of Phase 11 and
III-A were discussed in the second progress report.
This final report describes the results of the Phase III,
Group B and C tests, and includes the conclusions
drawn from the entire program.

The tests discussed by this report were designed to
study the cfects of both fresh water and seawater
condenser leakage upon the corrosion of boiler tubing
fouled with preboiler corrosion products. These runs
were made with three types of boiler water treatment
and the same severe heat transfer conditions previously
employed.

The goals of Phase IV are: (1) to obtain additional
information on corrosion resulting from boiler water
contaminated by fresh water condenser leakage, (2) to
determine the causes of hydrogen damage and (3) to
study whether heat transfer ccnditions beyond the
threshold of departure from nucleate boiling can con-
tribute to corrosion. Phase 1V is sponsored and con-
tracted separately from Phases 11 and I11.

APPARATUS AND TEST PROCEDURES

The apparatus and operating parameters for these
tests were the same as those employed during Phases IT
and III-A. Figure 1 is a schematic diagram of the
corrosion test loop and Tables II and 111 summarize
the chemical and mechanical operaiing parameters
employed throughout the program.

The terms “fresh water condcnser leakage” and
“seawater condenser leakage' used throughout this
report, refer to the contaminant solutions employed to
simulate condenser leakage as described in the following
procedures. The reference to ‘‘dirty boiler conditions”
or ‘‘corrosion product contaminants”, describes the 1:1
mixture of magnetite and copper powder used to simu-
late the condition of a boiler with heat transfer surfaces
fouled by an accumulation of preboiler and boiler corro-
sion products. Details relating to these materials were
included in the second progress report.

Operaling Procedure for Tesls with Fresh Water Con-
denser Leakage (Tesis 1, 2, 3 — Phase 111 — Group B)

Both preboiler corrosion products and fresh water
condenser leakage were employed during this group of
tests. Injection of corrosion products was made on a
2-hour cycle during the first several days of operation,
and at various intervals thereafter until 2,800 to 3,400
grams of contaminant had been added. Deily additions
of fresh water condenser leakage were made throughout
each 14-day run. Contaminant salt solutions were

TABLE |
PROGRAM ORGANIZATION

Boller Water
Phase No. Group Test No. Treatment Boller Condition Contamination
1] - 1 Volatile Clean None
2 Phosphate Clean None
3 Caustic Cilean- None
" A 1 Volatile Dirty—Fe30,+ Cu None
2 Phosphate Dirty—Fe30,+ Cu None
3 Caustic Dirty—Fe30,+ Cu None
B 1 Volatile Dirty—Fe30, 4 Cu Fresh water seits
2 Phosphate Dirty—Fe30,+ Cu Fresh water saits
3 Caustic Dirty—Fey0,+ Cu Fresh water salts
C 1 Volatile Dirty-Fe30, 4+ Cu Seawater salts
2 Phosphate Dirty—Fe;04+ Cu Seawater salts
3 Caustic Dirty—Fe304 4+ Cu Seawster salts
v A 1 Volatile Dirty—Fe30, + Cu Fresh water saits
2 Phosphate Dirty—Fe30,+ Cu Fresh water saits
3 Caustic Dirty—Fe30, 4 Cu Fresh water saits
] 1 Volatile Dirty—Fey04 4+ Cu Other salts
2 Phosphate Dirty—Fe30, + Cu Other seits
Cc 1 Volatile Cleen Tests in DNB
2 Phosphate Ciean Tests in DNB
1
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TABLE I
WATER SPECIFICATIONS FOR 2600 PSIG

Name pH Hydroxide Phosphate
Treating Chemical Valueat25C ppm OH ppm PO,

VOLATILE 8.6-9.0 0 0
(NH3)
PHOSPHATE 9.8-10.0 0 9-11
(Na3P0,)
CAUSTIC 10.5—10.7 AS REQUIRED TO 2-4
(NaOH) MAINTAIN pH

injected at the bottom of the vertical preheat sections
to minimize deposition on the surfaces of the horizontal
preheater (not instrumented for temperature measure-
ments). The amount and composition of the contami-
nants, added during each 8-hour period of simulated
rondenser leakage, are as follows:

Quantily — 40 liters
Concentration — 200 ppm

Composilion: — Calcium sulfate — 30 ppm
Magnesium sulfate — 26 ppm
Calcium bicarbonate — 70 ppm

Sodium sulfate — 40 ppm
Sodium chloride — 35 ppm
Sodium silicate — 5 ppm

No attempt was made to maintain nominal hoiler
water control conditions during these periods. although
treatment chemicals were added to the loop at the rate
normally used to compensate for depletion of concen-
tration due to sampling losses. Control conditions were
re-established after each period of simulated leakage by
injecting treatment chemicals and by blowdown.

Operating Procedure for Tests with Seawaler Condenser
Leakage (Tests 1. 2, 3 — Phase 111 — Group C)

The amount of contaminant salts and the procedure
fur chemical control was modified for the tests with

NOMINAL TEST CONDITION
Mass Velocity (G) = Ibs/hr-ft2
Fiow Rate (W) = Ibs/hr . .
*Heat Flux (Q/A), = BTU/hr-#12 (based on 1D of tube)
Heat Fiux (Q/A), = BTU/hr-#t2 (based on projected ares)
“*Approx. Heat Flux (Q/A); = BTU/hr-1t? (based on |0 ot tube)
Approx. Heat Flux (Q/A); = BTU/hr-1t2 (based on projected ares)
Approx. Total Prehesat (Q) = BTU/hr
***Approx. Preheat Flux (Q/A) = BTU/hr-f12
Approx. Quality (X,) Entering Test Section
Approx. Quality X, Leaving (Q/A),
Approx. Quality X, Leaving (Q/A);

«(Q/A)1 Meat Mus in lewer test section
*%{Q/A)2 Mest Hut in upper tost section
***Thete flunes are 2000d on the entire 16 feet of vertics! preheat

seawater condenser leakage. These chane 4 in procedure
were made to obtain greater dep: 3 :nu a more
aggressive environment than were experienced duriig
the fresh water runs, The increase in concentration of
the contaminant soiution provided a three-fold increase
in total calcium and magnesium content. Seawater con-
denser leakage of the following composition and quantity
was added each day:

Quanlity — 40 liters

Concenlration — 1,578 ppm

Composilion: — Sodium chloride = — 1074 ppm
Magnesium chloride — 228 ppm
Sodium sulfate — 179 ppm
Calcium chloride — 51 ppm
Potassium chloride — 30 ppm
Sodium bicarbonate — 9 ppm
Potassium bromide — 4 ppm
Boric acid — 1ppm
Strontium chloride — 1 ppm
Others — 1ppm

Stock solutions for the above were made in accordance
with the ASTM Standard Specifications for Substitute
Ocean Water (D1141-52) including heavy metal
constituents,

The modified chemical control procedure for the
seawater tests specified that no treatment chemicals
were to be added to the boiler water during periods of
contaminant injection, thereby simulating an un-
detected condenser leak. This permitted pH, con-
ductivity, and treatment chemical residuals to vary.
Control conditions were re-established after each daily
eight hour period of simulated leakage.

RESULTS
In evaluating the results of this research program,
it must be kept in mind that the test conditions em-
ployed were intended to accelerate corrosion rather than

TABLE I}
NOMINAL TEST CONDITIONS

A e
e 0.5% x 10¢ 0.55 x 10¢
3,630 3,630
150,000 150,000
173,000 173,000
110,000 110,000
127.000 127,000
280.200 97.000
121,500 42,000
23% 8%
30% 19%
kLY 9 20%
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TABLE IV
SUMMARY OF RESULTS

Groug_ B Group €
QGoeneral Test 1 vt 2 Test 3 Test 1 Tost 2 Tost 3
BW Treatment NH3 FO4 OH NH, PO, OH
Fe304+ Cu, Gm 3000 2800 3400 500 2800 3000
FW salts, Gm 112 112 112 - - -
SW saits, Gm - - - 126 693 882
Correosion

Penetration, mils Trace Trace Trace 6(2 days) 3 10
Metallurgical No change No change No change No change No change No change
Deposite

Thickness, mils 8 5 5 25 40 45
Weight A loop/B loop

Gm/linear ft 0.9/1.2 1.0/0.7 0.9/1.1 0.7/2.4 7.4/1.4 4.6/2.7
Temp rise max, F 27 20 33 14 96 30
Chemical Composition Ca$SO, Fe20; Fe30, Mg(OH), Fe30, Fe30,

Fez0 Fes04 Fes05 ©:04 Mgs(PO), u
Fes04 cu Cu Cab0y CaxPOL); Fe,0,
Al70,-Na 0-6Si0; Cay(POy): 3MgO0-2Si0,
TEST 1B PHASE Il 3/21/66 - 4/5/66
HYDROGEN IN STEAM SAMPLE
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to duplicate typical boiler operation. Detailed results
including a chronological log of the events and data
from each test are included in the following subsections.
Some of these data are summarized in Table IV.

Log — Test 1B, Phase 111
Volatile (NH,) Boiler Water Treatment -- pH = 8.6
to 9.0
Dirty Boiler Conditions — Fresh Water Condenser
Leakage

The test loop had been chemically cleaned immedi-
ately preceding this test, hence the need for a period of
“seasoning’’ operation was anticipated. However,
hydrogen concentrations failed to reach equilibrium
after operating for three days with ammonia with pH

values as high as 10.0, thereby indicating a very slow
rate of surface passivation. Contaminant salt injection
was begun at this time. This initial contaminant
injection maintained boiler water pH at 10.0 without
ammonia addition, and resulted in a reduction in
hydrogen evolution. On the following day, (Figs. 2 and
3) additional fresh water salts were added and iron oxide
and copper additions were begun.

Once the series of iron oxide and copper contaminant
additions had been completed. the hydrogen concentra-
tion stebiiized at approximately 100 ppb. (Fig. 2).
Subeequent injections of iron uxide and copper produced
short duration incresses in hydrogen concentration,
however, values remained close to 100 ppb throughout
most of the test. Figure 3 shows that each daily intro-

TEST 18 PHASE I 3/21/66 - 4/5/66
BOILERWATER CONDUCTIVITY

600
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TASBLE ¥
TEST 18-PHASE 1)

DEPOSIT DISTRIBUTION

Loep Q/A-Btu/he4t2 Meated /Unhoated Side Block Locatien Gm/Linear Ft
A 150,000 Heatad 20 0.831
A 150,000 Hested 19 0.893
A 150,000 Heated 18 0.770
A 150,000 Heatsd 17 0.731
8 150,000 Heated 20 1.169
-] 150,000 feated 19 1.166
B 150,000 Heated 17 0.781
B - Unhested 20 0.560
8 - Unheated 19 0.503
8 - Unhested 17 0.289
Nete: No apprecisble amount of ceposit could be removed from the unheated portion of tubing at Blocks 17A to 20A.
DEPOSIT ANALYSIS
A Leop 8 Loop
"m Diftraction Msior, > 30% CaSO, CaSO,
Lo Major, 20 to 30%, Fe 0, Fez0y
Minor. 8 to 15%, A1,0,- N 10-65:0,, FeyO, FeyO,
Spectrography Major, > 15% fe,Ca Fa, Ca
Lo Major, 8 to 15% Si
Minor, 3 to 8% Si
Lo Miror, 1 to 3% Al, Mg, Ne, Cu Mg, Cu
Chomical Ansliysis, % SOy 22 26
Co, est. <1 Neg.
PO, <l 1
Si0, 13 6
Fe 70, 32 40
Cad 25 22
MgO 2 2
NajO 2
Cu 1 3
A0, 3

Unheated side der~sits were “¢,0, and Cu + trace slements

Drum deposits were Fe,0, and Cu + trace slements

duction of fresh-water-contamiant saits resulted in a
pH elevation from 9.0 to levels sdightly in excesa of 10,0,
and a conductivily incrrase ‘rom approximately 2.0 ta
15.0. Boiler water analyses during perieds of simulated
condenarr leakage revealed water chemitny vanations
from esmentially 2ot silids to the following Uy pical peak
solids cuncentratns:

Sodium 6.0 ppm
Caleium Trece
Magnesium Trace
Chloryde 1.6 ppm
Sehics 0.2 ppm
Salfate 27 ppm
Carbon diovide S
Ammana 001 ppm

Boiler water blowdown was uweed to re-establish normal
control conditions after each perid of addition.

Increaws in tube crown tempersture due to depeeit
formation were experenced duning this test. A mauimum
tempersture elevation of approximately 0 F was

experienced ot Black 20 A,

Inspection of the test sections revesled that the
internal surfacrs were covered with 7.5 mib - maumum:
of very dense tenacious deposit. (Figs. § and 5. The
depumit distnbuten and cmpemition are shown i
Table V.

Chemical clrsning of gwamens foe remeval of thes
deprmat was dificult | howeser, everal hours wakirg in




Fig 4: Upper—. Appecronce of deposits formed on ube
surfoces during Test 18
lower —Tube surfoce ofter removol of deposits

Frg. 5. 100X photomirogroph of the depost croms wx-
Son from Test 18

het (1606 F5 mhibited 5 peoeent hvdnchbone aced, 05
pereent ammonium bifluonde and | percent thewires
wiution eventually kamwened depremite sufficowrnthy for
removal. Ingpection of the underlying metal revealed
no measurable comason. Metallurpwal cvaminatys:
revesled no changes in structure.

Log-Test 2B, Phase 111

Coordinated Phosphate Boiler Water Treatment —
pH = 9.8 10 10.0

Dirty Boiler Conditions - - Fresh Water Condenser
Leakage

An equilibrium hydrogen concentration of approx-
mately 65 ppb was reached shortly after start-up (Fig.
6). Subsequently, fresh-water-contaminant-salt injection
was started and the addition of iron oxide and copper
was begun several hours later. Fresh-water-condenser
leakage resuited in amall increases in boiler water con-
ductivity; however, no rhange in pH was experienced
(Fig. 7). Boiler water analyses during periods of
simulated condenser leakage revealed water chemistry
variations to peak levels as shown in the following:

pH 10.0

Sodium 7.0 ppm
Calcium negative
Magnesium negative
Chionde 1.5 ppm
Silica 0.5 ppm
Sulfute 6.0 ppm
Phosphate 4.0 ppm

Carbon dioxide 2.5 ppm

No increases in hyvdrogen evolution resulted from the
injection of fresh water salts. The maximum tube metal
temperature increase of 20 F occurred 8t Block 20 AL
During shutdown of the loop, phusphate concentrations
increased as shown by Fig. 8.

Examination of the test sections revealed that the
internal sutfa~es were covered with up to 5 mils of
relatively Jome, porvus deposits i Figs. 9 and 10). Table
\ | shows the distrinution and analvsis of this material.
The depemit was readily removed by soaking in the
standard hyvdrowchlone acd and thiourea solution, and
the anderlying metal was found to have expenenced no
measurable cormsson. Mewallurgical sxamination -
vealed no changes in the metal structure,

log TestIB  Phase I1]

Frew Caostic Boiler Water Treatment pH = 105
to 107

thrty Baoiler Conditions Fresh Water Condener
lrakngr
\ haw hhvdrgrn concentratin of approumately 73
pph was rrached shortly afier start-up - Fig. 11 . Sub-
sqquenthy freh-watercontaminant inpecton wasstarted
and shortly therrafter additiens of inn oxsde and copper
werr hegun Fredi-watercontammant inpeetion peailted
in unall creaws b beaber water conductingty with no




TEST 2B PHASE III 5/24/66 - 6/9/66
HYDROGEN IN STEAM SAMPLE
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significant vanation in pH (Fig. 12). Boiler water
analyses during periods of condenser leakage revealed
water chemistry variations with typical peak solids
concentrations as shown by the following:

Injections of iron oxide and copper elevated hydrogen
concentrations to approximately 250 ppb for short
periods; however, fresh water condenser leakage pro-
duced no increases in hydrogen concentration. Reflux

pH 10.6 condenser hydrogen values were 100 ppb or less
Sodium 13.9 ppm throughout most of the run. A maximum tube metal
Calcium Trace temperature increase of 30 F occurred at Block 20 A.
Magnesium Negative During shutdown of the loop, phosphate concentrations
Chloride 2.8 ppru increased (Fig. 13). Examination of the test sections
Sulfate 2.0 ppm revealed that the internal surfaces were covered with
Silica 0.3 ppm up to 5 mils of deposit consisting of a relatively loose,
Phosphate Trace porous surface layer with a dense underlying film (Figs.
Carbon dioxide 5 ppm 14 and 15). Distribution and analysis of the deposit




TEST 28 PHASE I 5/24/66 - 6/9/66
BOILERWATER CONDUCTIVITY
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TEST 28 PHASE IIT 5/24/66 - 6/9/66
BOILERWATER pH
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TEST 20 PHASE M
PHOSPHATE MOEOUT removed from the test surfaces is shown by Table VII.
The deposit was readily removed by soaking in the
10. standard hydrochloric acid and thiourea solution, and
S bi T N— the underlying metal was found to have experienced no
.0 v —lr measurable corrosion. Metallurgical examination re-
so- _ veeled no changes in the metal structure.
, : X : : Log — Test C, Phase I11
Rl B : 3 : Volatile (NH,) Boiler Water Treatment — pH = 8.6
TN ) i to 9.0
104 ]
< i - l SLE comsown Taee \*Th\ “irty Boiler Conditions — Seawater Condenser
° ey, oy Leakage
0 t 3 4 5 & Tt & 8 w»

TIuE -~ HouRs The suifaces of the 100p were chemically cleaned with

Fig. 8 inhibited HC1, then passivated by slkaline boilout
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TABLE VI
TEST 28-—-PHASE 1l

DEPOSIT DISTRIBUTION

10

Q/A-Btu/hr-4t2 Heated /Uinheated Side Block Location Gmi/Linear Ft
150,000 Heated 20 1.033
150,000 Heated 19 0.832
150,000 Heated 17 0.543

- Unheated 20 0.186

- Unheated 19 0.252

- Unheated 18 0.106

- Unheated 17 0.144
150,000 Hsated 20 0.587
150,00C Heated 19 0.689
150,000 Heated 17 0.475

- Unheated 20 0.347

- Unheated 19 0.451

- Unheated 18 0.581

- Unheated 17 0.396

DEPOSIT ANALYSIS
A Loop B Loop

Msjor, >30% Fe,03, Fe;04 Fe304, Fe O

Minor, 8 to 15% Cu, Cay(FO., Cay(PO,)2 Cu

Trace, <4% Mgs(PO.), Mgx(PO)s

Major, > 15% Fe Fe

Lo Major, 8 to 15% Cu Cu

Miror, 3 to 8% Ca Ca

Lo Minor, 1 to 3% Mg Mg

SO, Neg. Neg.

02 Neg. Neg.

P20, 10 1

Si0 <1 <1

F0364 65 68

Ca0l 7 6

MgO 2 2

Cu 14 11

TABLE ViI
TEST 3B—PHASE 1l
DEPOSIT DISTRIBUTION

Q/A-Btu/hrft2 Heated/Unheated Side Biock Location Gm/Linear Ft
150,000 Heated 20 0.4343
150,000 Heated 19 0.6583
150,000 Heated 18 0.8641
150,000 Heated 17 0.8528

- Unheated 20 0.0196
- Unheated 19 0.0278
- Unheated 18 0.0444
- Unheated 17 0.0323
150,000 Heated 20 0.7980
150,000 Heated 19 1.0686
150,000 Heated 18 1.0516
150,000 Heated 17 0.8505
- Unheated 20 0.0112
- Unheated 19 0.0382
- Unheated 18 0.0362
- Unheated 17 0.0427
DEPOSIT ANALYSIS
A Loop B boop
Heated Side Unheated Side Heated Side Unheated Side
Major, 30% Fe;0, Fe30, Fe;0; FeZ0, Fe30,4
High Minor, 15 to 20% - Cu - -
Minor, 8 to 15%, -~ - - Fe03, Cu
Trace, <4% FQ304. Cu Ca (Pol)2- CaC03 FO;O. ~—
gioz(Quartz)
(Analyses confirmed in two laboratories)
Mn;ar. 15% Fe Fe, Cu Fe Fe
Lo Major, 8 to 15% - - - Cu
Minor, 3 to 8% - Si, Ca - Si
Lo Minor, 1 to 3% Cu, Si Mg Cu, Si Ni, Ca, Mg
Qualitative Slight PO, Trace PO,
Trace CO,
P20, 3 4
Si0 1 -
Fe 93 93
Cu 1 1




prior to starting this run. Subsequently the test sections
were installed and the loop was placed in operation.
Equilibrium hydrogen concentrations of 100 ppb were
experienced shortly after start-up.

The initial introduction of seawater condenser leakage
rapidly depressed the boiler pH to approximately 4.7
(Fig. 17). With the exception of a short duration
increase in hydrogen evolution (Fig. 16) when the first
introduction of iron oxide and copper was made, no
increase in hydrogen concentration was observed
throughout most of the first day’s operation with
depressed pH boiler water. The fourth injection of iron
oxide and copper tiiggered a massive increase in
hydrogen evolution which produced concentrations as
high as 550 ppb. Appioximately one hour after this
excursion had begun the pH of the cooled boiler water
sample was restored to specified limits by the introduc-
tion of ammonia. However, the addition of ammonia
appeared to have no effect upon the rate of hydrogen
evolution. Due to the high reflux condenser hydrogen

Fig. 9: Upper— Appearance of deposits formed on fube
surfoces during Test 2B

Lower —Tube surface after removal of deposits Fig. 10: 100X photomicrograph of the deposit cross
by chemical cleaning saction from Test 28
TABLE Vil
TEST 1C—~PHASE Il
WATER ANALYS!S
H Cond. Na Ca Mg Ct SO, FeTotal Cu Total $i0,
DATE TIME pp‘

PH  umhos ppm ppm ppm ppm ppm  ppm ppm
8/9/66 0900 216 878 ' 20 'O 0e - )
0930  BEGAN SEA WATER ADDITION

N

race  Neg.

1000 154 8.38 66 8.8 0.4 0.5 148 - 0.008 0.040 0.226
1100 290 7.13 155 24.3 0.4 2.2 46.5 - - - 0.240
1200 564* 5.95 230 39.8 0.4 29 77.0 - 0.036 0.32¢ 0.245
1300 765* 550 265 48.0 0.8 29 818 1.4 - - 0.284
1400 900* 570 265 47.5 0.8 3.2 81.1 23 0.209 0.840 -

1500 1059* 575 265 48.0 0.8 32 83.7 - - - 0.295
1690 1116* 6.00 205 345 0.8 2.7 61.9 - 0.108 0.904 0.327
1700 1128* 899 145 19.5 0.4 1.2 415 0.2 - - 0.325
1800 1143* 830 130 18.5 0.4 1.2 37.4 - 0..68 0.256 0.350
19500 1095 885 120 15.3 0.4 1.0 33.7 - - - 0.360
2000 1077 885 110 18.8 0.4 1.2 29.6 - 0.044 0.808 0.37%
2100 1026° 8.85 71 10.3 0.4 0.7 18.8 - - - 0.330
2200 906* 8.0 51 6.8 0.4 0.2 7.3 - 0.036 0.368 0.310
2300 750* 885 37 5.6 0.4 0.2 8.4 - - - 0.310
2400 678° 895 33 4.8 0.4 0.2 8.0 - 0.012 0.048 0.310
0100 482 9.00 28 4.0 0.4 0.2 5.8 - - - 0.290
0200 424 8.95 18 2.0 0.4 0.2 2.6 - 0.104 0.944 0.289
0300 336 8.92 15 1.5 0.0 0.2 34 0.6 - - 0.300
0400 276 8.90 13 1.2 0.0 0.2 2.6 - 0.012 0.088 0.310
0500 223 9.10 13 1.0 no 0.° 22 - - - -

0600 205 8.80 1C 0.8 0.0 0.2 19 - 0.020 0.128 -

0700 177 8.90 8 0.6 0.0 0.0 14 - - - 0.310
0800 191 8.90 8 05 0.0 0.0 1.5 - 0.240 0.112 0.340

*Calcuisted refiuz cond. hydrogen concectrations from drum steam samples
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TEST 38 PHASE TI 6/5/66 - 6/20/66
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concentration and the rate of temperature increase
noted at Block 19 A, only one additional injection of
iron oxide and copper was made during this run (total
added = 500 gr). Asshown by Figs. 16 and 17, hydrogen
concentrations increased in spite of re-establishing the
pH. Boiler water conductivity was reduced by blow-
down for approximately 8 hours before a reduction in
hydrogen evolution was noted. Hydrogen concentra-
tions decreased to approximately 150 ppb during the
night,

No further additions of iron oxide and copper were
made on the second day of testing; however, seawater
condenser leakage was added throughout the day shift.
An immediate depression in pH resulted from the initial

8 9 10 H 12 13 14 15 16
DAYS

Fig. N

injections of seawater. Hydrogen concentrations began
to rise immediately upon depression of pH, exceeding
the full scale reading of the hydrogen analyzer for
approximately & 13-hour period. During the second day
of operation, no significant reduction in hydrogen
evo.ution was experienced until the boiler water solids
were reduced by blowdown. After this massive hydrogen
excursion, it was found that the Block 19 A tube crown
temperature had increased approximately 45 F. No
appreciable rise in temperature was noted at uny other
location.

Based upon the hydrogen evolved during these two
days of operation and the accompanying rapid rise in
tube crown temperature, it appeared that extensive
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BOILERWATER pH
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corrosion had occurred at the Block 19A location. On
this basis, it was decided: first, to decrease the heat flux
| late in the afternoon of the second day of operation,

and second, to terminate the test once the hydrogen

TEST 38 PHASE IM
PHOSPHATE MIDEOULY

ecuEs e 0T

vt SLES oY

concentrations had been restored to normal level.
Shutdown was initiated at approximately noon on the
third day of testing. Throughout the period of the
excursion and the restoration of loop conditions to
normal, hourly boiler water and millipore filt: r samples

-88 9"

¢ BORIR WATER BawM S

were taken. Results of the anslyses of these samples are
included in Table V111 and IX.
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Fig. 13

Inspection of the test sections reveaied that corroson
was not restricted to the Block 19 location. Corrosion
sites were found throughout both the %igh and low




TABLE X
TEST 1C—-PHASE Il

X-RAY DIFFRACTION ANALYSIS OF MATERIAL FILTERED® FROM BW

Date Time Major Minor Trace Possible
8/9/66 1030 Cuz0 Mg(OH)2 Fe304 Cu -
1135 Mg(OH), Cu0 Cu, Fe30, -
1200 Cu0 Mg(OH), Fe304, Cu -
1300 Cuy0 Mg(OH), Fe304, Cu -
1400 Cux0 Mg(OH),, Cu Fey04 -
1500 Cuz0, Mg(OH), - Fe304, Cu -
1700 Mg(OH), Cu0 Cu, Fe30,, Cuz0 -
1800 Mg(OH), Cuz0, Fey0, Cu -
1900 Cuz0, Mg(OH), - Fe304, Cu -
2000 Cu20, Mg(OH),, Fe304 - Cu -
2100 Mg(OH), Cu0 Fe304, Cu -
2300 Mg(OH), - Cu20, Fey04, Cu -
8/10/66 0200 Mg(OH), - Cu0, Fe30,, Cu -
0400 Mg(OH), - Cug0 Fe30,, Cu
0600 M‘(OH): - F0304 CuzO, Cu
2(Mg-9Fe- 1)0Si0,
0800 Mg(OH), - Cu;0, Fe30,, Cu 2(Mg-9Fe- 1)0Si0,

heat-flux zones of the “A” and “B" test loops. In-
spection of the metal surfaces revealed that corrosion
sites were covered with a dense brittle oxide (25-mils
thick) and that uncorroded areas were covered with a
thinner less dense material (Figs. 18 and 19). Deposit
distribution and analyses are included in Table X.
Specimens from the test sections were removed and
chemically cleaned using the standard hydrochloric
acid, ammonium bifluoride, and thiourea solution. The
deposits were difficult to remove, requiring several
hours soaking in the solution and considerable agitation.
The underlying metal revealed that penetration had
occurred to a depth of approximately 5 to 6 mils in
random plugs approximately the size of a half dollar.
The surface of the metal at the areas of attack appeared
to have an etched appearance while the uncorroded
portions of the heated and unheated tubing appeared
normal. Metallurgical examinations of the corroded
specimens showed that no changes had occurred in the
metal structure,

Fig. 14 Uppor-—wofdnpornfumodm
tube surfoces durng Test 38

lower —Tube surfoze ofter removol of deposits Fig 15. 100X photomicrogroph of the deposit crom
by chzmucal deoning section from Tee? 38
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TABLE X
TEST 1C—-PHASE I

DEPOSIT DISTRIBUTION

Loop Q/A-Btu/hr 412 Heated/Unheated Side Block Location Qm/Linear Ft ’
A 150,000 Heated 18 2.6628
A 150,600 Heated 17 3.1782
8 150,000 Heatad 20 2.49%9
8 150,000 Heated 19 0.4857
B 150,000 Heated 18 0.0798
8 150,000 Heated 17 0.0380
ALB - Unheated 17-20 ~0.01
DEPOSIT ANALYSIS
A Loop B Loep Aond B
Corvoded Area Uncorroded Area Correded Ares  Uncerroded Area Unheated
X-ray Diffraction Msjor, > 30%, Fey0 Mg(OH), Fey0, Mg(OH), Fe;0,
‘ &sfh gtoo
Minor, 8 to 15% - CaS0 - - -
3MgO-28i0,-2H,0
Serpe )
Lo Minor, 4 to 8%, Mg(OH), - Mg(OH), SMg-ZSOO -2HZ0 -
rpontinl
. Ca
Trace, <4% - - - Fe 0, -
Spectrography Major, > 15% Fe Mg, Fe Fe Fo, Mg Fe
Minor, 3 to 8% Mg Si, Ca Mg Si
Lo Minor, 1 to 3% Cu. Si - Si, Cu Ca, Cu Cu, 8i, Mg
Qualitative - Slight SO, - - -
Chemical Analysls, % Si0, 1 L] 1 Iinsufficient Sample
Fey0, 88 32 o1
Ca0 1 6 -
Mg0 4 33 5
Cu 3 [ 3 1
SOy Neg. 7 Neg.
Co, Neg. Neg. Neg.
P10, <\ <1 <l
TABLE Xi
TEST 2C—PHASE I}
WATER ANALYSIS
N Cond. Neo Ca Mg PO, O 30, PeTetl CuTotal 200,
DATE  TIME  ppb  sH  .mnec pem  ppm s POM ppm spm ppm  pem ppm
9/20/66 0900 $1 10.0 82 6 0 0 7 3 L] 0.020 0.122 0.560
1000 57 9.6 68 9 0 o] 3 13 2 - - 0.403
1100 48 5.7 140 20 L] 0 1 35 3 - - 0.112
1200 51 47 192 k) ] 0.2 (1] 60 - 0.180 0.550 0.079
1300 8 4.7 198 3 0 0 0 54 - - - 0.068
1400 63 4.8 192 30 0 0 0 L) - - - 0.064
1500 84 4.9 176 2% 0 0 0 43 - 0.124 0.490 0.064
1600 102 48 152 - 0 0 0 - - - - 0.084
1700 189 as 200 - 0 0 ] - - - - -
1800 231 9.3 180 21 0 1] 10 21 - 0.09%0 0.068 0.1¢0
1900 100 10.0 175 21 0 Q it 26 - - - 0.104
2000 62 99 1%0 18 0 0 10 22 - - - 0.108
2100 60 99 130 is 0 0 9 19 - 0.060 0.002 0.610
2200 52 10.0 118 12 0 0 10 14 - - - 0.562
2300 S] 10.0 90 10 1] h 10 8 - - - 0.3%
2400 S1 10.0 7% 8 1] ¢ 9 6 - - - 0.723
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TEST 1C PHASE IIL 8/7/66 - 8/10/66
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TEST 1IC PHASE III 8/7/66 - 8/10/66
TUBE CROWN TEMPERATURE RISE
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Log — Test 2C, Phase H1]

Coordinated Phosphate Boiler Water Treatment
- pH = 9.8 10 100

Dirty Boiler Conditions  Seawater  ( ondenser
Leakage

An equilibium bese hydrgen concentration of
approximately 100 ppb was established <hoetly after
start-up (Fig. 20). On the following day wawater con-
taminant addition was begun ; bawever, the introduction
of copper and iron oxide was delayed s that the effects
of condenser leakagr could be ohwerved with-ut other
contaminants pr.sent. In spite of a depressunsn in pH to
appeoximately 3.0, no increaw in hydrgen evolutum

16

was noted. [ron oxide and copper additions were begun
on the third operating day and subsequently pH
excursions were accompanied by excursions in hydrogen
evolution. The effect of srawater intruduction on pH
and conductivity may be seen in Fig. 21,

Seawalet injection was stopped on the thirteenth day
of operstion since the tube crown temperatures at all
test Jocstions had increased to high values. Black 204
rxpenenced the greatest temperature rse, approx-
mately 100 F. Hydrogen concentrations remained ot
spproximately 50 ppb for the last several days of
operstion with no additions of srawater contaminants.

Table \ 1 shows typical analvees of the boiler water
during s period of condenser leskage. defining the range
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TEST IC PHASE Il 8/7/66 - 8/10/66
BOILERWATER CONDUCTIVITY
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YABLE XM
TEST 2C—PHASE WY
X-BAY DIFFRACTION ANALYSIS OF RATEMAL FILTERED MAOR W
Dot Tiene Major Biner Trace Poasible
9120766 0700 Cu CusO. Fay0, - -
0900 No Lines
1000
1100
1200
1300
1400 FeyO, - - -
1500 Fy0, - - -
1600 No Lines
1700 Cu0 - Cu. Fe:G, Fos0y
1800 CuO fe)0, Cu Fes0p
1900 FeyO, Cv Cul Fe 0,
2100 Cu Fe,04 Cu 0 - -
2200 Cu, Fo 0, - - -
2300 Fey0, Cv Cuyo -

17
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Fig. 18: Upper— Appecronce of deposits formed on
from Teet IC

Lower —Tube mwfoce ofter removal of deposits
by chemicol cleoning

et 4 .- o’

Fig. 19 100X pholomsrogroph of the depost crom
sechon from Test IC

of chemistry from the time prior to the introduction of
contaminants, through a pH-hydrogen excursion, and
the period when control conditions were re-established.
Analyses of millipore filter residues are also included
(Table X1I). During shutdown of the loop phosphate
concentrations increased as shown by Fig. 22. Exam-
ination of the test sections reveale’ that the internal
surfaces were covered with a dense deposit approxi-
mately $0 mils thick (Figs. 23 and 21). The distribution
and composition of depusits are shown in Tab.: XIII.

Depusits were removed from specimens with great
difficulty by chemical and mechanical cleaning, and the
underlying metal was examined. Considerable surface
pitting to a depth of approximately 5 mils was noted.
This random attack was observed throughout most of
the heated surfaces. :

Initial metallurgical examination revealed some
surface decarburnization in localized areas. In order to
ascertain the significance of the decarburization, it was
decided to examine the ductility of the material. It was
felt that such a test would indicate whether or not
incipient hydrogen damage was present. Tensile test
specimens were prepared from sections of the heated
and unheated sides of the tubing. The sprcimens wers
pulled to failure and sections were removed for metal-
lurgical examination. As shown by Fig. 25, no fissuring
was present nor loss of ductility experienced.

Log  Test 3C. Phase 111

Free Caustic Boiler Water Treatment pH = 105
to 10.7

Dirty  Boiler Conditions Seawater  Condenser
Leakage

A\ base hydrogen concentrution of approximately
100 pph was mstablished shortly after startup and sea-
water addition was begun. Copper and iron oxade
injections were delaved for an additional day. As shown
in Figw. 26 and 27, the introduction of srawater con-
denser leakagr depre<ed the pH dunng esch of the
first 12 davs of operativn. Mo increases in hydrogen
concentration accurred with low pll operation until
after the injption of preboiler cormmion preduocts.
Excurwens ain pll geoeralis resulted in increases in
hydrgen evolution: however, on the fast theee days of
aperation neither sgnificant changes in pH noe nydne-
grn concentration serr neded. Dunng the peniod the
increaw in conductinity was the eame as had been
eypenenced with pres s addituns of sawater.

Table \ IV illusirates typucal vanations in boler
water chemnin dunng & pli-hydngen  evcuraon




TASLE X1 »
TEST 2C—PHASE Il

DEPOSIT DISTRIBUTION b

Lesp Q/A-Btu/hr-12 Hested/Unheated Side Sleck Location Qm/Linear Pt
A 150,000 Heated 20 5.575%
A 150,000 Heated 19 2.3672
A 150,000 Heated 18 3.3642
A 150,000 Heated 17 1.8360
A - Unheated 20 0.0167
A - Unhested 19 0.0187
A - Unhestad 18 0.0099
A - Unheated 17 0.0313
B 150,000 Heeted 20 0.7143
-] 150,000 Hested 19 0.6903
8 150,000 Hested 18 0.5172
B 150,000 Hested 17 1.399
e - Unhested 20 0.0e11
-] - Unheated 19 0.032%
-] - Unheated 18 0.0487
B - Unhested 17 0.0982
DEPOSIT ANALYSIS
A B Loop
um:.fu. Hoated Side Unhoated Side
X-ray Diftraction Masjor, Fes0, Fey0, Cu
4 Mi mora??s to 20% - - Fey0,
Lo Minor, 4 to 8% - Mgy(POJ); -
C?(PC).);
0,
Trace, <4% Fe 0y, CaCO, Cu -
Spectregraphy Major, 1 Fe Fe Cu, Fe
Min':'r, 351?“ Ns Mg. Ca, Cu, Ne -
Lo Minor ] to 3% Mg, Ca, Cu Si Mg Si, Ca
Quaiitative Considerabie PO, Considerable PO, Slight PO,
Trace COy Trace SO,
Trace COy
Chemica! Ansiysis, - 1 -
o ls’%, 29 18 3
1 1 2
Ford. 56 65 21
e 2 5 :
M
No'g 12 6 -~
Cu 2 3 70
TABLE XIv
TEST 3C—-PHASE W)
WATEIR ANALYSIS
L] Comd. N3 Coa Wy oN PO, O so0, fe Ca 80,
DATE nee »‘ PN Lmhes ppm ppm ppm pom PP ppm ppm pom [ [ )
10/26/66 0800 219 10.6 110 -~ - - - 2.3 - - - - 0.024
0900 22% 106 120 - - - - 1.5 - - - - 0.028
1000 186 10.4 108 12 0 (¢] 323 0a 10 - 0046 0012 -
1100 148 10.1 1% 21 0 o 119 o 26 5 - - 0.030
1200 108 9.5 .8% 30 (o] 0 - 0 36 - 0.004 0.011 -
1300 87 84 26% 4 o 0 23 0 52 8 - - 0.0%¢
1400 22 5% 320 52 0 0 o] (¢ 8 - 0.027 Q112 -
1500 72 46 395 70 0 ¢ 0 0 82 14 - - 0.104
1600 300 45 430 76 (4] 0.2 0 0 82 - 0.101 0.106 -
1200 365 82 kL~} 56 ] v} [+ [+X ) 76 10 - - 0.07¢
1800 512 10.2 260 a4 0 0 408 06 40 - 0.032 0.017 -
1900 280 10.6 20 3 0 ¢ 56) 1.0 30 8 - - 0.038
2000 194 10.6 215 36 0 0 527 10 30 - 0.00% 0.012 -
2100 194 108 218 37 0 0 6.3 1.0 27 5 - - 0.046
2200 204 10.6 18% 29 0 C 48 06 21 - 0003 0011 -
2300 190 10.5 150 22 o] C 32 2.2 ié 7 - - 0.104
2400 210 10.7 165 3 0 V] L] 2.2 le - 0.001 0.012 -
102766 0100 336 10.7 200 20 [+] 0 6.3 2.2 12 5 - - ¢.104
0200 37 107 160 1% o) 0 46 1.0 9 - 0003 0.01% - '

-
L J
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HYDROGEN IN STEAM SAMPLE

600 | T T T 1
500 , NOTE: SAMPLE POINT $-10
© FLOWRATE = 10 GPH
& 400
&5 300 t
(U
§ 200 — ]\ A
£ o A |
] =T = YOO NG
O =23 & 5 € 7 8 9 0 11 1213 4 15 i
DAYS
SEAWATER ADDITIONS
1 M. | || (| i B
Cu 8 Fe304 ADDITIONS
TEST 2C PHASE I 9/11/66 - 9/26/66
120 TUBE CROWN TEMPERATURE RISE
T L§ (
— BLK. 19 "
'm --BLK. 20 -.-/ '? b_
w = BLK.23 & 24 — 1 Vo daadr
._; ao ~ Y Y Psf
' ] 7
}9‘ ',"sf“--ﬂi——l—-

8 9 100 I 12 13 14 15 16
DAYS

Fig. 20

reculting from seawater injection. Also included (Table
XV) are analyses of millipore filter residues accumulated
during the same operating period. Figure 28 shows the
phosphate hideout data obtained during shutdown. A
maximum tube crown increase of 30 ¥ was experienced
at Block 20A.

Examination of test sections revealed that the
internal surfaces were covered with a relatively porous
deposit approximately 45 mils thick (Figs. 29 and 30).
Distribution and analysis of ithe deposits are listed in
Table XVI. The deposits were removed from the test
surfaces by chemical cleaning with the standard hydro-
chloric acid, ammonium bifluoride, and thiourea solu-
tion, and the surface inspected. lixamination revealed

considerable attack in various areas (Fig. 29). Corrosion
sites were similar in appearance, but smaller than the
plugs seer after test 1C. The depth of corrosion was
estimated to be approximately 10 mils maximum
penetration. Metallurgical examination revealed no
changes in metal structure.

DISCUSSION OF RESULTS

The discussion of results is divided into two sections
each of which includes observations from the six tests of
Phase I, Groups B and C, as well as comparisons with
the previously reported results of the Phase I1{, Group
A tests. The two subjects discussed in these sections
are (1) deposits and (2) corrosion.
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TABLE XV
TEST 3C—PHASE I
X-RAY DIFFRACTION ANALYSIS OF MATERIAL FILTERED FROM BW
Date Time Najor Minor Trace Possible
10/26/66 0900 No Residue on Filter
1000
1100 FC;04 - - -
1200 Fe 0, - - 3 faint lines unidentified
1300 Fey0, Cuz0 - -
1400 Fey0, - - 3 faint lines unidentified
1500 - - -
1600 Fo,O. -— -_— -—
1700 FO;O. - - -—
1800 No Residue on Filter
1900 Cu Cu0 - -
2000 Fey0, Cuz0 Cu 3 taint lines unidentitied
2200 Fey0O, - - -
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X-ray Diffraction

Spectrography

Chamical Analysis, %

Q/A-Btu/hr4t?
150,000
150,000
150,000
150,000

150,000
150,000
150,000

Major, 30%
Minor, 15 to 20%
Lo Minor, 4 to 8%
Trace, <4%

Major, 15%

Lo Major, 8 to 15%
Minor, 3 to 8%

Lo Minor, 1 to 3%

FEST 2¢ PHASE II
PHOSPHATE HIDEOUT

TABLE XVI
TEST 3C—PHASE I

OEPOSIT DISTRIBUTION

NuM/UnhnM Side Block Location Gm/Linear Ft
Hesated 20 4.5867
Heated 19 1.4889
Heated 18 1.7067
Heated 17 2.7601

Unheated 20 0.2329
Unheated 19 0.1728
Unheated 18 0.2258
Unheated 17 0.2815
Heated 20 2.0319
Heated 19 1.4352
Heated 18 2,7256
Heated 17 2.3906
Unheated 20 0.1673
Unheated 19 0.1774
Unheated 18 0.0935
Unheated 17 0.1020
DEPOSIT ANALYSIS
A Loop Loop
Heated Side Unheated Side Heated Side Unheated Side
F63°4 F8304 Fe;O. Cu
- Cu Cu Cu20, Fe304, Fe 04
Cu Mgs(PO)2 Fez0s -
-— Fes04 - -
Fe fe Fe Cu, Fe
- Cu Cu, Mg -
Cu Mg Ca -
Mg, Ca, Si Ca, Si Si, Na -
Neg. Neg Neg
Neg. - - -
5 5 10 -
1 1 1 -
- - 27
84 90 71 -
2 2 3 -
3 4 7 -
7 10 10 68
Deposils
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The second progress report on **A Research Study of
Internal Corrosion of High Pressure Boilers,” described
some observed trends in the deposition of corrosion
products and their relationship to local heat flux and
mixture quality. The results of the last six tests, during
which condenser leakage as well as corrusion products
were injecled. reveal some differences in the distribution
of depusits on heat transfer surfaces from those pre-
viously reported. In general, during both groups of
tests, the deposition of contaminants was greater at the
high heat flux than in the lower heat-flux locations;
however, quality did not appear to have a pronounced
effect during tests with condenser leakage.
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Fig. 23: Upper—Appearance of deposits formed on
tube surface during Test 2C

Lower — Tube surface after removal of deposits
by chemical clecning

The weight of deposits found on the tube surfaces
from the volatile and coordinated phosphate tests,
with fresh water condenser leakage. did not vary
significantly from the corresponding tests during which
only simulated preboiler corrosion products were em-
ployed. However, the presence of precipitated salts
resulted in the formation of slightly thicker. less dense
deposits which induced greater increases in tube metal
temperature (20 to 27 F vs 0 to T F).

The results of the free—caustic-treatment, fresh-water
condenser-leakage test were vastly different from those
of the previous caustic test during which heavy deposits
of iron oxide and copper accumulated and severe corro-
sion occurred. Neither additions of iron oxide and
copper nor injections of fresh-water condenser leakage
produced elevations in tube-metal temperature com-
parable to the earlier test. The small increases in
temperature which resulted from additions of corrosion
products were short lived in contrest to the longer
duration cycles previously experienced. These data

Fig. 24: 250X photomicrograph of the deposit cross
section from Test 2C
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Fig. 25: Upper— 250X photomicrograph of test section
tube metal after Test 2C

Lower—100X photomicrograph of test section
tube melal after tensile test.
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TEST 3C PHASE I 10/16/66 - 10/31/66
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Fig. 26

suggest that differences in the chemistry of the system
(with fresh-water condenser leakage) prevented the
formation of stable deposits of prebuiler corrosion
products,

Data from the three tests with seawater condenser
leakage showed that deposition on heat transfer surfaces
was greater than during the fresh water tests. This is in
accord with the relative quantities of hardness salts in
the respective contaminant solutions. Deposition of
corrvsion products did not appear to be significantly
greater, huowever, they were found to play a key rule in
the initiation of caustic attack ax well as other types of
corrusion during this group of tests. These results are
discussed in detail in the section on corrosion.

During both the fresh water and seawater contaminant
tests, frequent samples were taken to determine the
insoluble phases formed. 1t is worthy of note that with
but ane exception no precipitated 1.ardness was detected
in large samples (8 to 10 liters) filtered through either
0.1 or 045 micron pore size filters. The exception
occurred during the run with volatile treatment and
seawater condenser leakage when magnesium hydroxide
was found on the filters. All of the deposits removed
from the heat transfer surfaces contained precipitated
salts. The results indicated that precipitation of calcium
and magnesium compounds occurred at the heat transfer
surfaces or within the matrix of deposit on the surfaces
rather than in the bulk boiler water.
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Deposits formed during tests with condenver leakage
were generally of a mixed matrix of iron oxide, copper.
and precipitate) salts. In attempting to chemically
clean the specimens for surface examination. it was
found that remuval of deposits was frequently difficult
even where magnelite wax a major constituent, The
deponits from two volatile treatmient runs weree e xtremely
difficult to remove with hot (160 F) inhibited hydro-
chloric acid (3 percent). thiourea (1 percent’, and

’ ammonium bitluoride (0.5 percent) solution, even with
! a greal deal of surface agitation. Cleaning the surfaces
of specimens from the coordinated-phosphate test with
seawaler leakage was also very diflicult. In each case
tiie problem of deposit removal seemed to be related to
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the complex matrix of the materisl and the relative
dissolution rate of itx component parts. The less soluble
materials prevented adequate contact between the acid
solution and the more soluble constituents. Much of
these depasit« finally flaked loose from the metal surface
instead of entering the solvent solution. Another
interesting observation was that the composition of the
drum deposits bore fitthe similarity to those found on
the heat transfer surfaces. Drum deposits generally
consisted of gravity-separated iron oxide and copper.
and frequently contained no detectable concentration
of precipitated salts, whereas the latter furmed o
significant portion of the deposits on the heat transfes
surfaces of both the preheat and test sections.
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Corrosion

Inspection of tube specimens from three tests per-
formed with both fresh-water condenser leakage and
corrosion product contamination revealed that no
detectable corrosion had occurred. This absence of
corrosion under severe heat transfer conditions in the
presence of these contaminants may be explained by
the nature of the observed deposits and the concurrent
boiler water chemistry.

The most obvious effect of the addition of fresh-water
condenser leakage during the volatile run was an
elevation in pH from the range of 8.6 10 9.0 to approxi-
mately 10.0; the increase resulted from the thermal
decompasition of the bicarbonates added to the boiler
water. Calcium precipitated at the heat transfer surfaces
and deposited, primarily, as calcium sulfate. Magnesium
compounds in the depasits were not present in sufficient
concentration for positive identification. The net result
of the injection of moderate amounts of this type of
condenser leahage was, therefore, a change in boiler
water chemistry from “zero solids™ volatile treatment
to a low-level free-caustic treatment with neutral salts
in solution (sodium suifate and sodium chloride). This
chemistry, in conjunction with the relatively thin,
dense depasits formed, and the resalting mederate
increase in tube metal temperature (30 F). did not
constitute an aggressive environment.

The results of the coordinated-phosphate tost werr
similar, with the exception that caleium ard magiesium
precipitated as phosphates. The caleium-plumphate pe-
action resulted in higher concentrations of sulfates m
solution than during the solatile run. The simalation of
condenser leakage, in effect onhy constituted a change in
boiier water chemistry from coordinated-phosphiate to
low-caustic phoaphate treatment with higher total
solids. No significant change i pil was experiemnd.
This combination of water chemistry, the melatinely
thin loome depunits, and a reanlting 20 F ierease i tabe
metal temperature was not cortmne to tuhe metal,
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The last test in this series was run with free-caustic,
low-phosphate treatment. The results were much the
same as those from the coordinated-phosphate run with
the exception of the greater amounts of free caustic
alkalinity in the boiler water and the depletion of the
entire phosphate residual during periods of simulated
condenser leakage.

The absence of gouging attack, such as that experi-
enced in a prior caustic test, appears most closely
related to the formation of deposits, although other
factors play a part. The data from the earlier test,
which was run under similar conditions but without
simulated condenser leakage, reveal that substantial
deposits formed immediately upon the injection of
corrosion products into the loop. These deposits were
sufficiently stable to sustain an elevated tube-metal
temperuture and a correspondingly high corrosion rate
for periods in excess of one day aflter each group of
contaminant injections. Comparisons of these tempera-
ture and hydrogen data with those from the tests with

Fig. 29. Upper — Appraronce ¢f depouts formed on
tube surfaces dunng Test 3C

{ower — Tube surfoce ofter removol of depouts
by chemxol cleoning
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Fig. 30: 100X photomicrograph of ‘he deposit cross
section from Test 3C

fresh-water condenser leakage revealed significant differ-
ences, During the latter, fach addition of iron oxide and
copper resitfted in only mior increases in tube-metal
temperature and hvdrogen concentration, followed by
rapid decreases in these values,

The intraduction of fresh-water condenser leakage
appears to have redoced the deposition of iron oxide and
copper contaminants, thereby  minimizing the equil-
ibrinm concentration of canstie and other salts at the
deposit-metal titerfuce. The presence of substantial
copncentrations of neatral salts in solution wonld also
tead Lo minimize the caustic concentralion oecurring
within the depenit by a dilution effeet. These factons
appear to be primarily responsible for the absence of
attach  during  all thee  fresh-nater
vandenser-teabage runs. The test pesulis do not indicate

souing-ly pe

that these conditions would produce any other charae-
tenistic Dype of corpmion.

Fxanmination of tabe specimens from thees tests with
simlated  wawater condenser leakige revegled that
corrosion i varving degeees had secureed durage each
run. The dada <hows that attack, pesalting dinsethh from
the addition of wawiter contamiant, oecueeed only
after the padual baller had bwen depleted durg 1he
couphinated-plosphale and foecanstie rans, Paping
the volatibe test, however, cornmion prognseed de-
pendent of the presence of anuoa, The data i

each test revealed the importance of the deposits with
respect to the initiation of corrosion. It was found that
a pH excursion (1.5 to 5.0) resulting from the injection
of seawater leakage did not result in an increase in
corrosion rate until the heat-transfer surfaces had
become fouled with deposits, During these tests the
initial fouling resulted from the addition of corrusion
product contaminants.

The results of the caustic test are of particular interest
since on some davs high rates of hydrogen evolution
occurred alternately in both the acid environment
created by the seawater injection and the alkaline
environment produced by boiler water control with
sodium hydroxide, The phenomenon is defined by the
pH and hydrogen data from this test. The data also
shows that increases in hydrogen concentration did not
always accompany pH excursions nor did significant
reductions in pH occur with each seawater injection.
These exceptions to the normal pattern are not clearly
understood.

Test data (principally from the volatile test) indicate
that pH excursions and the accompanying corrosion
occurred as a result of the reaction of magnesium jons
with boiler water. In the absence of a residual buffer,
magnesium precipitated as magnesium hydroxide,
thereby reducing the hydroxyl ion concentration in the
boiler water. This reaction resulted in an effective
reduction of the bulk water pH to approximately {.5.
Since ammonia remains virtually undissociated at the
operating conditions of these tests (2600 psia, 674 F) its
injection to control pH provided no effective buffering
and. therefore, the reaction of magnesium with the
boiler water continued to be the controlling phenom-
enon. In the cool boiler water sample, dissociated
ammonia provided suflicient hvdroxylion concentration
for complete precipitation of the soluble magnesium
and an elevation of the sample pH to the control range.
Reduction of the cormsion rate of the metal surfaces
was not accomplished until the salt concentration of
the boiler water was sufficient]y depleted by blowdown.
The introduetion of either sodium phosphate or sodium
hadrovide during subsequent tests were effective in
controlling attack without significant blowdown under
similar conditions,

CONCLESIONS

Based upon the results of the entire research program,
the following conclusions have bheen made:

L Deponttion of boiier water contaminants, both
simulated  prebailer commsion products and con-
denser beakhage. oceurrd primaniy on the heated
portions of the test sorfaces

2 With few exeeptions, preboiler corpmion prasducts
deposited from suspension.

-
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10.

. Most condenser leakage constituents precipitated
and deposited at the heat-transfer surfaces rather
than in the bulk stream.

. The amount and location of preboiler corrosion-

product deposition was affected by boiler water
treatment and the presence of condenser leakage.

. Deposition of preboiler corrosion products was

greater in the A loop (23 to 35 percent quality)
than in the B loop (8 to 20 percent quality) at
identical conditions of water chemisiry, heat flux,
mass velocity, and pressure. The formetion of
deposits resulting from condenser leakage was not
appreciably affected by mixture quality; approxi-
mately equal amounts of these materials having
been found at similar Jocations in both the A and B

loope.

. Within a four-block test section, deposition of pre-

boiler rorrosion products increased with mixture
quality at constant heat flux (i.e., block 20>19>18
>17 and block 21>23>22>21). Deposition of
condenser leakage constituents was not clearly
affected by increasing mixture quality within each
section.

. Within each test section, the deposition of both

preboiler corrosion products and condenser leakage
was greater in the high-heat-flux zone (blocks 17 to
20, 150.000 Btu hr-ft’) than in the low-heat-flux
zone (blocks 21 to 24, 110,000 Btu hr-it’).

. Volatile treatment permitted the formation of

difficult to remove deposits. The deposits formed
with this type boiler water treatment had higher
concentrations of vrecipitated hardness and silicon
compounds thar with coordinated phosphate or
free caustic boiler water.

. Coordinated phosphate and free caustic treatment

reduced the amount of depusition and resulted in
less objectionable deposits from the standpoint of
cleaning when fresh-water condenser leakage was
introduced to the test boiler.

[ all cases, when corrsion was experienced, prioe
fouling of heat-transfer surfaces was necessary for
the initiation of attack. When heat-transfer surfaces
were free of depusits, no cormsion occureed inde-

11.

12.

13.

14,

16,

18.

pendent of heat-transfer conditions and water
chemistry.

When either volatile or phosphate treatment was
employed with tube surfaces fouled with preboiler
corrosion products and in the absence of condenser
leakege, no significant corrosiog occurred.

The combination of heat-transfer surfaces fouled
with rimulated preboiler corrosion products and
free caustic boiler water treatment caused high
rates of corrosion under nucleate boiling conditions.

The initial deposition of preboiler corrosion products
on heated tube surfaces initiated caustic attack.
Subsequent formation of additional deposits result-
ing from corrosion of the metal sustained and finally
accelerated the corrosion rate,

Plug-type corrosion occurred with volatile boiler
water treatment when heat-transfer surfaces were
fouled with preboiler corrosion products and sea-
water condenser leakage was added. Volatile treat-
ment furnished no protection against corrosion
resulting {rom seawater leakage.

. The pH reduction of boiler water resulting from

seawaler rondenser leakage caused corrosion with
all types of chemical treatment. However, corrosion
rates could be effectively reduced by elevating the
pH with sodium phosphate or sodium hydroxide.
Once the heat-transfer surfeces had become suf-
ficiently fouled, the introduction of sodium hydroxide
to arrest seawater currasion resulted in caustic
attack.

Phosphate hideout became more pronounced with
the accumulation of depasits on  heat-transfer
surfaces. Mo cormsion was assaciated with ity
VOCUrrEnce,

T, The chemical compasition of depesits on heat-

transfer surfaces varied symificantly from those
found on unheated areas.

Depesition of contaminants resulted in DNB where
nucleate boiling had been experenced with clean
test surfaces, Thix effect was temporary <ince it was
olserved that the deprewed value of critweal quality
recuvered inver a pernad of sy eral hours subsequent
to the addition of contaminant.




